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© Method of controlling a photoreaction with a laser beam. 



A target is irradiated with a laser beam having 
an energy of rWn, where n is an integer, instead of 
the photon energy hp required for a reaction to 
proceed using a conventional single-photon excita- 
tion method. A desired reaction is selectively in- 
duced by the absorption of multiple photons instead 
of single photons. It is thus possible to induce a 
^ photoreaction in which an absorption is carried out in 
^ accordance with a selection theory different from 
that of single-photon absorption, and which is quite 
^ different from a photoreaction induced by a single- 
CO photon excitation. Namely, a target or reactant is 
00 irradiated with a photon energy hr 2 having a 
ID wavelength integral times longer than that of the 
O photon energy fin necessary for a photoreaction to 
O proceed. Photon energy hv 2 is either used in place 
q of the photon energy h*i necessary for a photoreac- 
iii tion, or together with the photon energy hpu to 
thereby make the reactant absorb the energy equal 
to the photon energy ru>i . The method is capable of 



selectively and preferentially inducing a specific 
photoreaction among various possible, concurrent 
photoreactions. 
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Field of the Invention 

The invention relates to a method of controlling 
a photoreaction with a laser beam, and more par- 
ticularly to a method of controlling the photoex- 
citation of irradiated substances. 

Description of the Prior Art 

A laser beam is, like an electron beam and X- 
rays, one of the electromagnetic waves. Consider- 
ing the laser beam to be made up of particles 
(photons), the energy of light is represented by the 
photon energy hp which is a product of the fre- 
quency v of the light and Planck's constant h. In 
so-called single-photon excitation, the photon en- 
ergy hp is supplied by monochromatic light having 
a frequency p, whereas in so-called multi-photon 
excitation, the photon energy hp is supplied by 
monochromatic light having a frequency p/n where 
n is an integer greater than or equal to two. 

The photochemical reactions generated by la- 
ser beams have been utilized so far in surface 
treatment, purification and chemical synthesis. 
Since the photon energy hp ranging from the ul- 
traviolet spectrum to the vacuum ultraviolet spec- 
trum is larger than the bond energy between 
atoms, it is possible to induce photo-dissociation 
and photoreaction of the reactant gas molecules by 
irradiating them with an ultraviolet laser. Thus, it is 
possible, by a reaction in which photo-dissociation 
and photoreaction are induced by irradiating a 
reactant with the photon energy hp, to achieve a 
number of desired objectives. These objectives in- 
clude: the synthesis of chemical compounds such 
as medicines and other products of chemical syn- 
thesis, the synthesis of substances from which 
optical materials can be manufactured, the control 
of gas-phase CVD reactions, the micro-machining 
surface treatment of various materials by using 
solid-phase photoreactions, the formation of thin 
films by using laser CVD, and reforming of surface 
layers such as laser doping. 

However, the above photoreactions are gen- 
erally complex and vary greatly. Hence the control 
of these reactions is difficult. Accordingly, it has 
heretofore been difficult to selectively control the 
synthesis of materials by using the photoreactions, 
or to control micro-machining surface treatments 
by using the photorchemical processes. In conven- 
tional photoreaction methods, only single-photon 
photoexcitation has been utilized, wherein the pho- 
ton energy hp is supplied through a monochromatic 
light having a frequency v. In the single-photon 
photoreaction, in order to control the photoreaction 
it is necessary to: (a) control the wavelength of the 
light, (b) control the temperature, (c) vary the sol- 
vent, etc., and/or (d) utilize various sensitizers or 



quenchers. However, in general, even if the 
wavelength of the light were to be varied, only a 
small effect can be obtained. K a plurality of reac- 
tions are concurrently carried out. the variation of 

5 temperature and solvents, and the use of sensitiz- 
ers and quenchers generally facilitate all the reac- 
tions, and it is therefore impossible to selectively 
carry out or induce only one of the desired reac- 
tions. Thus, in conventional photoreaction methods, 

io problems result by unnecessary reactions being 
carried out, and unnecessary materials being pro- 
duced. In addition, if a medium or coexistent ma- 
terial intensely absorbs light, it is difficult for the 
conventional photoreaction method to induce a 

75 photoreaction in a target material in such a me- 
dium. 

Research has been conducted in a method of 
synthesizing a material by successively inducing 
single-photon photoreactions. Fig. 7(A) shows such 

20 a prior art method, and Fig. 7(B) shows an example 
of a reaction induced by the method. As shown in 
Fig. 7(A), the method includes the steps of irradiat- 
ing a reactant A with a photon of energy hpi to 
thereby transfer the reactant A into the excited 

25 state A* with the result that the reactant A* is 
transformed into a product B. Product B is there- 
after again irradiated with the photon energy hpi to 
thereby transfer B into excitation state B* with the 
result that the product B* is subsequently trans- 

30 formed into a material C (M. Irie and M. Uchida, J. 
American Chemical Society. 115, 6442, 1993). In 
Fig. 7(B), the reactant A (indicated with a numeral 
1) is a naphthopyran derivative, the material B is an 
unstable keto form of a naphthopyran derivative, 

35 and the material C (indicated with a numeral 2) is a 
bicyclohexane derivative. However, it is required in 
this method that the intermediate B have a haJf-life 
longer than a certain time, and thus the prior art 
method never suggests a solution to the problems 

40 of unnecessary reactions being carried out and 
unnecessary materials being synthesized. 

The present invention has been made in order 
to solve the foregoing problems. Namely, it is an 
object of the present invention to provide a method 

45 of controlling a photoreaction with a laser beam, 
which method is quite different from the conven- 
tional method of controlling a photoreaction. The 
method of the present invention is capable of se- 
lectively and preferentially inducing a specific 

so photoreaction among various possible, concurrent 
photoreactions. 

SUMMARY OF THE INVENTION 

55 In accordance with the present invention, there 

is provided a method of controlling a photoreaction 
with a laser beam, characterized in that, a reactant, 
instead of being irradiated with a photon energy 
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run necessary for a photoreaction, is reacted with a 
photon energy h*2 having a wavelength integral 
times longer than that the photon energy ran. 
There is also provided a method of controlling a 
photoreaction with a laser beam, characterized in 
that a reactant is irradiated concurrently with a 
photon energy necessary for a photoreaction, 
and a photon energy hv 2 having a wavelength 
integral times longer than that of the photon energy 
h,i . 

In accordance with a preferred embodiment of 
the invention, the photon energy hvi is generated 
by a Nd: YAG laser which emits a coherent beam 
of light having a wavelength of 266 nm, and the 
photon energy hv 2 is generated by a Nd: YAG laser 
which emits a coherent light beam having a 
wavelength of 532 nm. In accordance with another 
preferred embodiment of the invention, the target 
or reactant is one of 2,2-diphenyl-1 ,1 ,1 ,3,3,3-hex- 
amethyltrisilane, cis-stilbene and trans-stilbene. 

The present invention is based on a novel 
discovery that by concurrent multi-photon excita- 
tion, wherein a target is irradiated with a photon 
energy of a multi-photon such as h*/2 and IW3, 
instead of photon energy (h*) in accordance with 
the conventional single-photon excitation method, it 
is possible to induce a photoreaction in which an 
absorption is carried out in accordance with a se- 
lection theory different from that of the single- 
photon absorption, and which is quite different from 
a photoreaction induced by a single-photon. On the 
basis of the above mentioned discovery, the 
present invention provides a method of controlling 
a photoreaction by concurrent multi-photon irradia- 
tion which is quite different from the conventional 
method. 

In accordance with the present invention, in 
place of the photon energy hvi necessary for a 
photoreaction, a reactant is irradiated with the pho- 
ton energy h* 2 having a wavelength integral times 
longer than that of the photon energy run , to make 
the reactant absorb the energy equal to the photon 
energy tin by the simultaneous absorption of mul- 
tiple photons. It is thereby possible to induce a 
photoreaction quite different from a photoreaction 
induced by a single-photon absorption. Thus, it is 
possible to selectively and preferentially induce a 
specific photoreaction among a plurality of possible 
concurrent photoreactions. Furthermore, a reactant 
can be concurrently irradiated with both the photon 
energy hn necessary for a photoreaction and the 
photon energy h?2 having a wavelength integral 
times longer than that of the photon energy h* t , in 
order to make the reactant absorb the energy h*i 
by the simultaneous absorption of multiple photons. 
It is thereby possible to control the reaction rate of 
a specific photoreaction among a plurality of possi- 
ble, concurrent photoreactions. 



Further objects, features and advantages of the 
present invention will become apparent from the 
Detailed Description of the Preferred Embodiments 
when considered together with the attached Draw- 
s ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1(A) shows a method of controlling a 
w photoreaction with laser beam in accordance with 
the invention, and Fig. 1(B) shows an example of a 
reaction induced by the method. 

Fig. 2 shows a reaction induced by a first 
embodiment in accordance with the invention. 
is Fig. 3 shows test results obtained by carrying 

out the first embodiment. 

Fig. 4(A) shows a reaction according to a sec- 
ond embodiment in accordance with the invention, 
and Figs. 4(B) and 4(C) show yields of a conven- 
20 tional single-photon excitation method. 

Fig. 5 shows the relationship between time and 
yields in the second embodiment. 

Fig. 6 shows the relationship between input 
power and yields in the second embodiment. 
25 Fig. 7(A) shows a conventional method, and 

Fig. 7(B) shows a reaction induced by the conven- 
tional method. 

DETAILED DESCRIPTION OF THE PREFERRED 
30 EMBODIMENTS 

Hereinbelow will be explained preferred em- 
bodiments in accordance with the invention with 
reference to the drawings. 

35 Fig. 1(A) schematically shows a method of 

controlling a photoreaction with a laser beam in 
accordance with the invention, and Fig. 1(B) shows 
an example of a reaction induced by the method. 
As shown in Fig. 1(A), in accordance with the 

40 invention, a reactant is irradiated with photons of 
energy h* 2 having a wavelength integral times 
longer than that of the photon energy h*i required 
to transfer reactant A to an excited state A*. The 
reactant A* is transformed into products B and C. 

45 The photon energy hr 2 is preferably equal to IW2 
in comparison with the photon energy run required 
for single-photon excitation. As an alternative there- 
to, the photon energy rn»2 may be equal to a 
photon energy having a wavelength integral times 

so longer than that of the photon energy hp^ , such as 
h*i/3 and h?i/4. In other words, the same amount 
of energy is supplied to a reactant by irradiating 
with a photon energy of requiring the simultaneous 
absorption of multiple photons, such as IW2 and 

55 tW3, in place of the photon energy hr necessary 
for single-photon absorption. The reactant may be 
concurrently irradiated with both the photon energy 
run necessary for the photoreaction. and a photon 
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energy having a wavelength integral times 
longer than that of the photon energy hn . In accor- 
dance with the invention, as shown in Fig. 1(B), a 
product including B as a main constituent is pro- 
duced by inducing a single-photon excitation in the 
reactant A with light having a wavelength of 266 
nm, whereas a product including C as a main 
constituent is produced by inducing simultaneous 
multi-photon absorption in the reactant A with light 
having a wavelength of 532 nm. 

Fig. 2 shows a reaction induced by a first 
embodiment in accordance with the invention. In 
the embodiment shown in Fig. 2, the reactant A in 
Fig. 1 is a hexane solution of 2,2-diphenyl- 
1,1.1,3,3,3-hexamethyltrisilane (indicated by refer- 
ence numeral 1), the products B and C are silylene 
to which ethanol is added (indicated by reference 
numeral 2) and 1,3 transformation reaction product 
(indicated with a numeral 3), respectively. The pho- 
ton energy h*i is an irradiation energy generated 
by a Nd:YAG laser which emits coherent light hav- 
ing a wavelength of 266 nm, and the photon en- 
ergy h* 2 is generated by a NdrYAG laser which 
emits coherent light having a wavelength of 532 
nm. 

Fig. 3(A) is a table showing the results of an 
experiment in which the wavelength and input pow- 
er of the NdrYAG laser is varied in the first embodi- 
ment. As is apparent from the table of Fig. 3(A), in 
accordance with a conventional single-photon ex- 
citation method, the hexane solution of 2,2- 
diphenyl-1,1,1 f 3,3,3-hexamethyltrisilane (product 1) 
was transformed into silylene having ethanol added 
thereto (product 2) and the 1 ,3 transformation reac- 
tion product (product 3) with yields of 53% and 
30%, respectively, by irradiating with a fourth high- 
er harmonic wave having a wavelength of 266 nm 
(11 mJ) from a pulsed NdrYAG laser. In accor- 
dance with the concurrent multi-photon excitation 
method of the present invention, product 1 was 
irradiated with a second higher harmonic wave 
having a wavelength of 532 nm (160 mJ) from a 
pulsed NdrYAG laser to thereby induce product 1 
to absorb the energy equal to the photon energy 
generated by the fourth higher harmonic wave hav- 
ing 266 nm wavelength, with the result that product 
2 and product 3 were obtained in yields of 80% 
and 13%, respectively. Thus, it is confirmed that 
the invention can selectively and preferentially in- 
duce a photoreaction to produce the product 2. 

Fig. 3(B) shows the relationship between the 
irradiation time indicated along the abscissa and 
the amount of product 2 (silylene having ethanol 
added thereto) produced. As shown in Fig. 3(B), 
the slope relative to the logarithmic axis is approxi- 
mately 1 (exactly 0.94). This means that production 
of product 2 is proportional to the irradiation time. 



Fig. 3(C) shows the relationship between the 
input power and the amount product 2 produced. 
As is apparent from Fig. 3(C), the production yield 
of product 2 is proportional to approximately the 

5 square of the input power, since a slope relative to 
the logarithmic axes is 2.1. This means that a 
reaction for producing silylene proceeds through a 
two-photon excitation state induced by the inven- 
tion. Thus, the two-photon excitation method in 

w accordance with the invention can selectively in- 
duce a reaction for producing silylene shown in 
Fig. 1. 

Fig. 4 shows a reaction mechanism (A) of a 
second embodiment in accordance with the inven- 
ts tion, and also shows yields of a conventional sin- 
gle-photon excitation method in (B) and (C). In the 
second embodiment, trans-stilbene (t-S) and cis- 
stilbene (c-S) are used as reactants. These reac- 
tants are related to one another by a reversible 
20 reaction. Namely, the reactant t-S is transformed 
into a reactant c-S by exciting t-S with a laser 
beam, and the reactant c-S is transformed into a 
reactant t-S by exciting c-S with a laser beam. If 
the reactant c-S is cyclized, phenanthrene (PH) is 
25 produced. Phenanthrene (PH) is an undesired by- 
product of the reaction. 

Using a conventional single-photon excitation 
method, by irradiating trans-stilbene (t-S) with a 
fourth higher harmonic wave having a wavelength 
30 of 266 nm (11 mJ) from a pulsed NdrYAG laser, 
cis-stilbene (c-S), trans-stilbene (t-S) and phenanth- 
rene (PH) are obtained in yields of approximately 
42%, 28% and 24%, respectively, as shown in Fig. 
4(B). On the other hand, as shown in Fig. 4(C), by 
35 irradiating cis-stilbene (c-S) with a fourth higher 
harmonic wave having a wavelength of 266 nm (1 1 
mJ) from a pulsed NdrYAG laser, cis-stilbene (c-S), 
trans-stilbene (t-S) and phenanthrene (PH) are ob- 
tained in yields of approximately 39%, 27% and 
40 23%, respectively. Thus, it has heretofore been 
impossible to prevent the production of the un- 
desired reaction product phenanthrene (PH). 

Fig. 5 shows yields of the simultaneous multi- 
photon excitation method in accordance with the 
45 invention. In the simultaneous mufti-photon excita- 
tion method, a hexane solution of trans-stilbene (t- 
S) was irradiated with a second higher harmonic 
wave having a wavelength of 532 nm (160 mJ) 
from a pulsed NdrYAG laser to thereby induce t-S 
so to absorb the energy equal to the photon energy 
h*i of the fourth higher harmonic wave having a 
wavelength of 266 nm by multiple photon absorp- 
tion. As shown in Fig. 5(A), the solution reached an 
equilibrium state in approximately 150 minutes. 
55 The yields of cis-stilbene (c-S) and trans-stilbene 
(t-S) were 80% and 16%, respectively, and 
phenanthrene PH was produced. Similarly, if cis- 
stilbene (c-S) was irradiated with a second higher 
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harmonic wave having a wavelength of 532 nm, 
cis-stilbene (c-S) and trans-stilbene (t-S) were pro- 
duced in almost the same yields, as shown in Fig. 
5(B). without the production of unwanted phenanth- 
rene PH. Thus, it was confirmed that the method 
according to the present invention can provide only 
cis-stilbene (c-S) and trans-stilbene (t-S) without 
producing the undesired product phenanthrene 
(PH). 

Fig. 6 shows the relationship between input 
power and an isomerization yield in the concurrent 
multi-photon excitation method in accordance with 
the invention. As is apparent from Figs. 6(A) and 
(B), the production yield of cis-stilbene (c-S) and 
trans-stilbene (t-S) is in proportion to the approxi- 
mate square of the input power. This means that a 
reaction proceeds through a two-photon excitation 
state, similar to the first embodiment. Thus, the 
concurrent multi-photon excitation method can pro- 
duce only cis-stilbene (c-S) and trans-stilbene (t-S) 
without producing the unwanted phenanthrene (PH) 
cyclization product. 

The present invention is not intended to be 
limited to the above mentioned embodiments. The 
present invention is based on a novel discovery 
that it is possible to induce a specific photoreac- 
tion, which is quite different from that induced by a 
single-photon, by using the above mentioned multi- 
photon excitation mechanism. In place of the pho- 
ton energy h*i induced by a conventional single- 
photon excitation method, a photoreaction is car- 
ried out in accordance with a selection theory 
which is different from that of single-photon absorp- 
tion. The present invention can be modified and 
varied without departing from the scope of the 
invention. 

The present invention makes it possible to con- 
trol a photoreaction which was difficult to control 
using a conventional single-photon excitation meth- 
od. Thus, the invention provides additional new 
methods for selective synthesis of useful products 
and micro-processing based on photoreactions. 
Since it is possible in accordance with the inven- 
tion to introduce a material into a high energy state 
by irradiating with light having a relatively long 
wavelength, there is the additional advantage that 
photoreaction can be carried which may be impos- 
sible to carry out with the conventional method. 

Thus, the method of controlling a photoreaction 
with laser beam in accordance with the invention 
provides an advantageous effect that only a spe- 
cific photoreaction can be selectively and preferen- 
tially induced among a plurality of possible, concur- 
rent photoreactions, by means of a process quite 
different from a conventional method for controlling 
photoreactions. 

While the present invention has been illustrated 
by means of several preferred embodiments, one 



of ordinary skill in the art will recognize that modi- 
fication, addition and improvements can be made 
while remaining within the scope and spirit of the 
present invention. The scope of the present inven- 
5 tion is determined solely by the appended claims. 

Claims 

1. A method of controlling a photoreaction, com- 
io prising the steps of 

irradiating a target with a laser beam hav- 
ing a photon energy hv 2 and a wavelength 
integral times longer than photons of energy 
hfi required to make a desired reaction pro- 
*5 ceed, and 

selectively inducing the desired reaction. 

2. A method of controlling a photoreaction com- 
prising the steps of 

20 concurrently irradiating a target with a first 

laser beam having a photon energy h?i neces- 
sary for a desired photoreaction to proceed, 
and a second laser beam having photon en- 
ergy hp 2 and a wavelength integral times long- 

25 er than that of said first laser beam, and 

selectively inducing the desired reaction. 

3. The method as recited in claim 1 , wherein said 
photon energy hvy is that generated by a Nd: 

30 YAG laser which emits coherent light having a 

wavelength of 266 nm, and said photon energy 
ru> 2 is that generated by a Nd: YAG laser which 
emits light having a wavelength of 532 nm. 

35 4, The method as recited in claim 2, wherein said 
photon energy h*i is that generated by a Nd: 
YAG laser which emits coherent light having a 
wavelength of 266 nm, and said photon energy 
ru» 2 is that generated by a Nd: YAG laser which 

40 emits light having a wavelength of 532 nm. 

5. The method as recited in claim 1 , wherein said 
target is 2,2-diphenyl-1 ,1.1,3, 3,3-hexamethyl- 
trisilane. 

45 

6. The method as recited in claim 1 , wherein said 
target is cis-stilbene. 

7. The method as recited in claim 1. wherein said 
50 target is trans-stilbene. 

8. The method as recited in claim 2, wherein said 
target is 2.2-diphenyl-1,1.1.3,3,3-hexamethyl- 
trisilane. 

55 

9. The method as recited in claim 2, wherein said 
target is cis-stilbene. 
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10. The method as recited in claim 2, wherein said 
target is trans-stilbene. 
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Fig . 1 
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Fig. 3 
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Fig. 5 
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Fig . 6 
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Fig. 7 (Prior Art) 
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